Abstract-This paper presents the practical use of Prony Analysis to identify small signal oscillation mode parameters from simulated and actual phasor measurement unit (PMU) ringdown data. A well-known two-area four-machine power system was considered as a study case while the latest PMU ringdown data were collected from a double circuit 275 kV main interconnector on the Irish power system. The eigenvalue analysis and power spectral density were also conducted for the purpose of comparison. The capability of Prony Analysis to identify the mode parameters from three different types of simulated PMU ringdown data has been shown successfully. Furthermore, the results indicate that the Irish power system has dominant frequency modes at different frequencies. However, each mode has good system damping.
I. INTRODUCTION Small signal electromechanical mode parameters are often described using linear system concepts. The underlying hypothesis is that small motions of the system can be described by a set of ordinary differential equations. Modal analysis of these governing equations provides considerable insight into the stability properties of the system [1] .
A wide area monitoring system (WAMS) that consists of phasor measurement units (PMU) can offer a great opportunity to monitor dynamic behavior of power systems, and identify the mode parameters. The high data reporting rate of PMUs and the availability of fast communication links are the primary enablers of this opportunity to monitor low frequency electromechanical oscillation [2] .
Many parametric methods have been applied to identify low frequency electromechanical oscillation modes. These methods can be categorized as ringdown analysers and mode meters [1] . Implementation of ringdown analysis method for power system modal analysis is a relatively mature science. In ringdown analysis, the method assumes the signal model as a sum of damped sinusoids. Several ringdown algorithms have been successfully implemented to small signal analysis applications. Among them are eigenvalue realization algorithm (ERA) [3] , Steiglitz-McBride Algorithm, Prony Analysis method, matrix pencil method [4] , [5] and Hankel total least squares (HTLS) [6] . The performances of the first three methods have been discussed extensively in [7] . However, the most studied and implemented ringdown analysis is Prony Analysis [8] .
In this paper, Prony Analysis is utilized to identify small signal oscillation mode parameters, namely: amplitude, frequency and damping mode. Simulated and actual PMU ringdown data were used in the analysis. A two-area fourmachine power system was considered as a simulation test case while the actual PMU measurement ringdown data from the Irish power system was also used. This paper also describes the performance of three different types of ringdown data to obtain the mode parameters. Furthermore, the eigenvalue analysis of the two-area power system was performed as a comparison with Prony Analysis and power spectral density of analyzed signals were calculated and plotted to obtain the dominant frequency oscillation mode.
The structure of this paper is as follows: Section II introduces the system basic and Prony Analysis method. It also presents the introduction of power spectral density. Section III provides the introduction of simulation and actual model used in the analysis. In section IV, the Prony Analysis is implemented to identify mode parameters from both simulated and actual PMU data.
II. SYSTEM BASIC AND PRONY ANALYSIS A. System Basic
The power system is basically a high order nonlinear system. However, for the small disturbance, the system can be linearized around an operating point [9] , [10] . The underlying assumption is that small motions of a power system can be described by set of ordinary differential equations and can be simplified into the following form:
where Δx is the state vector, b and c are the input and the output vector respectively, Δu is the input and Δy i is the output. As shown in [9] , after some assumptions, the transfer function between the input and the output can have the following form,
where R i =c i i ψ i b, i and ψ i are right and left eigenvector corresponding to λ i respectively. The impulse and step input to the system will result in an output as follows:
the discrete form of (4) at a constant sampling period Δt can be written as follows: ∑
where , λ i =σ i +jω i . n is called the model order .
B. Prony Analysis
Prony Analysis attempts to fit a sum of exponential terms to the measured data. The main steps of Prony Analysis are summarized as follows. Firstly, the discrete form of the output in (5) can be written in the following form.
the z i 's are necessarily the roots of a nth-order polynomial with unknown a i , and thus satisfy 0
If both sides of (5) is left-multiplied by [-a n , -a n-1 ,…,-a 1 , 1, 0,…, 0 ] then the following equation will result. , … , , 1,0, … ,0
Furthermore, (8) can be repeated to get the following form.
Finally, the Prony Analysis can be summarized using the following three steps.
1. Solve (9) to get the coefficients a i . 2. Calculate the roots of (7) to get z i . 3. Solve (6) for complex residues R i .
III. POWER SYSTEM MODEL
Simulated PMU ringdown data was generated using a two-area four-machine power system test case model [9] , [10] , [11] . The model was developed by using DIgSILENT PowerFactory software simulator [12] as it is shown in Fig. 1 . In addition, actual PMU ringdown data was obtained from a major interconnector that connects the Northern Ireland power system to Republic of Ireland power system through a 275 kV double circuit. Model  Fig 1. describes a two-area four-machine power system model. The model was developed by using DIgSILENT PowerFacory simulator. Each synchronous generator was modeled using a twoaxis model with one winding on each axis and equipped with an automatic voltage regulator (AVR) and power system stabilizer (PSS) as shown in Fig. 2 . The loads L7 and L9 were modeled as constant impedances. The details of data in the simulation model are available in [9] , [10] , [11] with some modification of PSS parameters. 
A. Two Area Four Machine Power System Test Case

B. Irish Power System and Installation of Phasor Measurement Units
A number of PMUs have been successfully installed and are recording both ambient and ringdown data at several locations within the Irish power system. Four PMUs have been placed to acquire phasor data from both AC and HVDC interconnectors, namely: a 275 kV double circuit NorthSouth interconnector, two 110 kV interconnectors and an HVDC interconnector to the Great Britain power system. To monitor the dynamic data from renewable and fuel based power plant, two PMUs have also been installed at a 73.6 MW wind farm and a 400 MW CCGT power plant respectively.
Although these PMUs have been successfully used to record several events, the analysis in this paper focuses on a number of ringdown events from the PMU on the main 275 kV North-South tie-line. Any low frequency electromechanical oscillation between groups of generators in the northern part and grouped generators in the southern part of the system are suspected to have an effect on this interconnector since the only other two interconnectors, at 110 kV, operate at nearly zero active power flow. 
IV. RESULT AND ANALYSIS
A. Eigenvalue Analysis of a Two Area Power System
Table I presents the mode parameters of a two area power system by using eigenvalue analysis. It may be observed from Table I that the system consists of three small signal oscillation modes, namely: one inter-area mode between area 1 and area 2 and one intra area mode in each area. Table I also shows the typical frequencies of the different modes of oscillation where the intra area modes have higher frequencies than the inter-area mode. It can also be seen from Table I that the system is inherently stable for both intra and inter-area modes since all of damping ratios are higher 5%.
B. Simulated Ringdown Data using DIgSILENT PowerFactory
To simulate the ringdown data, a small disturbance was applied at bus 8 of Fig. 1 by creating a three phase short circuit fault of 200 ms duration. The fault was started at time 0 ms and cleared at time 200 ms. Six PMUs are present, one at each of the generators and bus locations shown in Fig. 1 to record active power, voltage and phase angle. The 50 Hz (50 samples/second) sampling rate has been chosen to mimic real PMU characteristic as it is now installed at several locations across the Irish power system.
The following sub section will analyse the possibility of using different types of data from different locations, namely: all generator G1, G2, G3 and G4 active power outputs, bus voltage angle difference Ө1-2, Ө3-4, and Ө6-10 between sending and receiving end of major interconnector and active power flow at a major interconnector L1, L3, and L8 to identify the mode parameters. Fig. 3 presents the 5 second duration of active power output from each generator G1, G2, G3 and G4 following the 200 ms duration of three phase short circuit fault at bus 8. It can be seen from the Fig. 3 that all of the generators' active power outputs oscillate at low frequency which is related to small signal electromechanical oscillation.
C. Mode Parameters from Simulated Ringdown Data of Generator Active Power Output
Power spectral density (PSD) is used to determine the dominant frequency oscillation from each generator active power output as shown in Fig. 4 . It can be seen from Fig. 4 that all generators have 2 peaks on the PSD spectrum plot. Generator G1 and G2 in area 1 have significant PSD peaks at frequency around 0.52 Hz and 1.08 Hz respectively while generator G3 and G4 in area 2 have its PSD peaks at frequency 0.52 Hz and 1.16 Hz respectively. The PSD peak at 0.52 Hz is related to inter-area oscillation between area 1 and area 2 while peaks at 1.08 Hz and 1.16 Hz are related to intra area oscillation in area 1 and area 2 respectively. It can be seen from Fig. 4 that the oscillation with a higher damping ratio (intra area at 1.08 Hz and 1.16 Hz) has a wider PSD peak compared to the oscillation with a lower damping ratio (inter-area at 0.52 Hz). Furthermore, the dominant frequency oscillations obtained from PSD are similar to the results from eigenvalue analysis provided in Table I . 5 shows the original generator active power output ringdown data and the reconstructed signal from Prony Analysis. The Prony Analysis correctly reconstructs the signal and identifies the amplitude, the frequency and damping ratio of small signal parameter from generator active power output as described in Table II. Two modes have been identified from each generator active power output which are related to the intra and interarea oscillation respectively. It can be seen clearly from Table II that the frequency modes obtained from Prony Analysis are matched with the result from PSD and are also similar to the eigenvalue analysis. It can also be seen from the Fig. 6 that the PSD of voltage angle difference Ө6-10 has its peak value at frequency around 0.52 Hz. This frequency is related to inter-area frequency oscillation between area 1 and area 2 as it is previously obtained from eigenvalue analysis and from the generator active power output as well. Meanwhile, the other two voltage angle difference Ө 1-2 and Ө 3-4 signals produce two dominant peaks at 0.52 Hz and around from 1.08 Hz to 1.16 Hz which is related to inter and intra-area oscillation respectively. Fig. 7 provides the original of bus voltage angle different ringdown data and reconstructed signal using Prony Analysis. The Prony Analysis correctly reconstructed the signal and identified the amplitude, frequency and damping ratio of the small signal parameters as described in Table III . Both intra and inter-area of frequency modes resulting from Prony Analysis are in good agreement with the PSD results from Fig. 7 and with the results obtained using eigenvalue analysis in Table I . 
D. Mode Parameters from Simulated Ringdown Data of Bus Voltage Angle Difference
E. Mode Parameter from Simulated Ringdown Data of Active Power Flow at Interconnectors
The feasibility of using ringdown data to identify the mode parameters by using all generator active power outputs and bus voltage angle difference between two selected bus have been shown successfully in the previous section. This section presents the use of active power flow signal at a major path of oscillation to identify the mode parameter. Any interconnector between bus 6 and bus 10 is influenced by oscillation since these interconnectors connect between area 1 and area 2. Furthermore, the transmission lines between bus 1 and bus 2 and between bus 3 and bus 4 will provide information about the dynamic interaction among generators in area 1 and area 2 respectively. The active power flow signal at line 1, line 3 and line 8 are used to identify the mode parameters. Fig. 8 represents the PSD of active power flow at line 1, line 3 and line 8 when the system is disturbed by three phase short circuit at bus 8 for 200 ms. It can be seen from Fig. 8 that both of the PSD plots of active power at line 1 and line 8 in have two peak values at 0.52 Hz and around from 1.08 to 1.16 Hz which are related to inter and intra-area oscillation respectively while PSD plot of active power line 3 provides a single PSD peak which is related to inter-area oscillation between area 1 and area 2. Fig. 9 represents the original active power flow at interconnector Line 1, Line 3 and Line 8 and the reconstructed signal using Prony Analysis. The Prony Analysis correctly reconstructs the signal and identifies the amplitude, the frequency and damping ratio of small signal parameters as provided in Table IV. Both intra and inter-area frequency modes resulting from Prony Analysis are in good agreement with the PSD results from Fig. 8 and with the one obtained by using eigenvalue analysis in Table I. Power system operators do not often have the luxury of PMU data being captured at every desired location, thus the available methods for analysis of intra and inter-area oscillation will depend on the exact PMU arrangement. The work on the two-area four-machine model has shown that different PMU deployment strategies, typical of those found in real power systems, can yield results to a satisfactory degree of accuracy.
F. Irish Power System Mode Parameters from Actual PMU Ringdown Data of North-South Interconnector
Having successfully shown the performance of the Prony Analysis to identify the mode parameters from simulated PMU ringdown data, this section represents similar analysis using the actual PMU ringdown data. The Irish power system has been considered as the actual network and five events that are categorized as ringdown data have been used in this paper. The events were recorded by PMU at 50 Hz sampling rate. Event 1 is ringdown data when the active power transfer was from the Republic of Ireland to Northern Ireland as shown in Fig. 10 while Fig. 11 represents events 2 to 5 where the active power transfer is in the opposite direction as indicated with the negative active power flow. Fig. 10 and Fig. 11 represent the original and reconstructed signal by using Prony Analysis of active power flow in the main North-South interconnector. As can be observed from these two figures that the Prony Analysis correctly reconstructs the signal and identifies the amplitude, the frequency and damping ratio of small signal parameters as described in Table V . The Table V summarises the Irish power system oscillation mode parameters from the five ringdown events 1-5. Soon after the disturbance occurred, the measured active power flow in the interconnector oscillated at low frequency which is as indication of electromechanical interaction between group of synchronous generations in the North and the South of the power system. Each event produces different mode parameters since the system operation conditions are not similar to one another. However, it is obvious that the oscillation is related to the small signal oscillation since the higher magnitudes of oscillation are dominantly low frequency, below 2 Hz. The oscillation frequency varied from approximately 0.29 Hz to 1.47 Hz, however, the frequency range with amplitude larger than 10 MW is from 0.82 Hz to 0.90 Hz. Moreover, it is evident from Table V that all of modes are stable since they have damping ratios higher than 5%. These results are not surprising since all of the events occurred when active power flow were well below the interconnector capacity. For the five events studied, the active power flow before disturbance ranged from -72 MW to 55 MW on the interconnector which has a bidirectional capacity of 600 MW. Increased active power flow at the major North-South interconnector and the displacement of synchronous generation with non-synchronous renewable energy power plant might influence the performance of the small signal stability of the Irish system which is need further research.
V. CONCLUSION
This paper has successfully shown the suitability of Prony Analysis for identification of mode parameters from both simulated and actual PMU ringdown data. The mode parameters from Prony Analysis are in good agreement with both eigenvalue and power spectral density analysis. The reconstructed signals produced by Prony Analysis are in good agreement with the original ringdown data. The paper has also shown how different PMU measurement locations and strategies can be used successfully to determine mode parameters caused by the same source to a satisfactory level of accuracy. These results can inform optimal PMU deployment. Furthermore, different frequency modes have been observed on the Irish power system depending on the operating condition. However, the system is still stable since the oscillations have sufficient system damping. Original
